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ABSTRACT 

Vascular permeability factor (VPF)/vascular endothelial growth fac- 
tor (VEGF) is an angiogenic cytokine expressed by many human and 
animal tumors. Hypoxia often up-regulates VPF/VEGF expression 
further. To better define the role of VPF/VEGF in tumor biology, we 
screened tumorigenic lines for those expressing minimal constitutive 
and hypoxia-inducible VPF/VEGF. Human melanoma SK-MEL-2 cells 
best fit these criteria and formed small, poorly vascularized tumors in 
immunodeficient mice. We transfected SK-MEL-2 cells stably with 
sense or antisense mouse VPF/VEGF cDNA or with vector alone. Cells 
transfected with sense VPF/VEGF (V+) expressed and secreted large 
amounts of mouse VPF/VEGF and formed well-vascularized tumors 
with hyperpermeable blood vessels and minimal necrosis in nude/SCID 
mice. Antisense-transfected VPF/VEGF (V— ) cells expressed reduced 
constitutive VPF/VEGF and no detectable mouse VPF/VEGF, and 
formed small, minimally vascularized tumors exhibiting extensive ne- 
crosis. Vector-alone transfectants (Nl cells) behaved like parental cells. 
V+ cells formed numerous lung tumor colonies in SCID mice, ~50-fold 
more than Nl cells, whereas V- cells formed few or none. These 
experiments demonstrate that VPF/VEGF promotes melanoma growth 
by stimulating angiogenesis and that constitutive VPF/VEGF expres- 
sion dramatically promotes tumor colonization in the lung. 

INTRODUCTION 

VPF/VEGF 3 is a glycosylated, multifunctional cytokine that is 
abundantly expressed and secreted by most human and animal tumors 
examined thus far (1-10). It exerts a number of important biological 
actions on endothelial cells: (a) it acts with a potency some 50,000 
times that of histamine to increase the permeability of microvessels to 
circulating macromolecules (1,2, 8), and this activity likely accounts 
for the well-documented hyperpermeability of tumor blood vessels (8, 
11-13); and (b) VPF/VEGF is a selective endothelial cell mitogen 
(14-21). In addition, VPF/VEGF alters endothelial cell gene expres- 
sion, inducing increased production of tissue factor and several pro- 
teases, including interstitial collagenase and both the urokinase-like 
and tissue plasminogen activators (22, 23). VPF/VEGF potently pro- 
motes angiogenesis in both the chick chorioallantoic membrane and 
rabbit corneal assays (14, 24). Collectively, these several activities 
suggest important roles for VPF/VEGF in the induction of tumor 
angiogenesis. 

Human VPF/VEGF is a M r 35,000-43,000 dimeric polypeptide 
that may be expressed in several isoforms (121, 165, 189, and 205 
amino acids) resulting from alternative splicing of a single primary 
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transcript (25). Closely homologous transcripts are expressed in the 
mouse but contain one less amino acid (26). VPF/VEGF mRNAs 
contain a signal sequence that directs protein secretion, and the 
165-amino acid transcript (164 amino acids in the mouse) is generally 
the most abundant secreted form. In contrast, the larger isoforms of 
VPF/VEGF remain predominantly cell associated (27, 28). VPF/ 
VEGF is abundantly expressed by most tumorigenic cells, both in vivo 
and in vitro, but expression can be further increased by hypoxia and 
by several cytokines (29-37). 

VPF/VEGF is thought to exert its several effects by interacting 
with two high affinity tyrosine kinase receptors (flt-1 and KDR/ 
flk-1) that are selectively expressed in vascular endothelium (38- 
41). Like VPF/VEGF, both VPF/VEGF receptors are overex- 
pressed in many human and animal tumors (4-6, 9, 42). Recent 
studies have also shown that VPF/VEGF and its receptors are 
overexpressed in a number of nonneoplastic pathologies and in 
certain physiological processes that, like tumors, are characterized 
by microvascular hyperpermeability, angiogenesis, and stroma for- 
mation; examples include normal wound healing (43, 44), rheu- 
matoid arthritis (45, 46), psoriasis (35), corpus luteum formation 
(47, 48), endometrial cycling (49), and primary vasculogenesis as 
it occurs during embryonic development (44, 50, 51). Therefore, 
VPF/VEGF and VPF/VEGF receptor expression are closely linked 
to new blood vessel formation as it develops in a wide variety of 
disease states and in normal physiology. 

The overexpression of VPF/VEGF by a wide spectrum of tumor 
cells has suggested an important role for this cytokine in tumorigen- 
esis. In support of this view, Kim et al (52) demonstrated that 
systemic treatment of tumor-bearing mice with a neutralizing anti- 
body to VPF/VEGF significantly reduced tumor growth and corre- 
lated this effect with reduced tumor vascularity. Moreover, overex- 
pression of a dominant-negative VPF/VEGF receptor (flk-1) was 
found to substantially reduce tumor growth and angiogenesis (53). On 
the other hand, VPF/VEGF transfection did not lead to cell transfor- 
mation (54). 

The goal of the present experiments was to investigate further 
the role of VPF/VEGF expression in primary tumor growth and 
angiogenesis and to begin to explore the possible role of this 
cytokine in tumor metastasis. To these ends we screened a number 
of cell lines, seeking tumorigenic cells that expressed minimal 
amounts of VPF/VEGF under both normoxic (constitutive expres- 
sion) and hypoxic (induced expression) conditions. We identified a 
human melanoma cell line that best met these criteria and trans- 
fected it with mouse VPF/VEGF sense or antisense cDNA. We 
then related the growth and vascularity of these transfected tumor 
cells in immunodeficient nude or SCID mice to their expression of 
VPF/VEGF. 

MATERIALS AND METHODS 

Cell Culture, Transfection, and Selection. The human melanoma cell line 
M21 was obtained from Dr. Romaine Saxton (UCLA, Los Angeles, CA), and 
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SK-MEL-2 was obtained from American Type Culture Collection (Rockville, 
MD). Cell lines were cultured in DMEM containing 10% FCS, 2 mM/liter 
L-glutarnine, 10 units/ml penicillin, and 10 jig/ml streptomycin. Hypoxia 
experiments were performed with the BBL Gas-Pak system (Fisher Scientific, 
Pittsburgh, PA) using a palladium catalyst for anoxia with C0 2 . Cells were 
cultured in catalyst-activated chambers for periods of 4 or 24 h, resulting in a 
reported fall in p0 2 to 2% at 24 h (55). 

The full-length mouse VPF/VEGF 164-amino acid cDNA (980 bp; Ref. 
26) was cloned into an expression vector (pCMV-NEO) where transcription 
is driven by a CMV enhancer-promoter and contains a multiple cloning 
site, SV40 small t-intron and polyadenylation sequence, and a neomycin/ 
Geneticin-sulfate (G418) selection cassette composed of the Tn5 gene 
driven by the SV40 promoter. VPF/VEGF sense- and anti sense-oriented 
constructs were analyzed by restriction mapping and by direct sequencing 
using the Sanger dideoxy method. DNA transfections were performed by 
calcium-phosphate precipitation as described previously (26, 56) using 
vector alone and sense and antisense VPF/VEGF constructs. Transfections 
were performed with 10 /Ag circular-supercoiled DNA/100-mm culture 
dish. Forty-eight h after transfection, cells were split 1:3 into complete 
culture media containing 800 jmg/ml G418 to select transfectants. Twenty or 
more transfected colonies were pooled, and cells were maintained in 
complete culture media with 500 pglmX G418 to assure DNA integration 
and expression. 

RNA Isolation and Northern Blot Analysis. Total cellular RNA was 
isolated from cultured cell lines as described previously (26, 57). Northern blot 
analyses were performed using BioTrans nylon supported membranes (ICN, 
Irvine, CA) as described by the manufacturer. Mouse VPF/VEGF, M cDNA 
probe was the 980-bp fragment isolated and described previously (26). The 
cDNA for a human ribosome- associated protein (36B4) probe (58) was used to 
control for RNA loading, blotting, and hybridization. Hybridization probes 
were isolated cDNA fragments radiolabeled with a random-primed synthesis 
kit (Multi-Prime; Amersham, Arlington Heights, IL). Blots were washed at 
high stringency (0.1X SSC-1% SDS at 65°C) and exposed on Kodak X- 
OMAT film. 

Assays for VPF/VEGF Protein in Cell Culture Supernatants. Immuno- 
reactive VPF/VEGF was analyzed by our previously described fluorescence- 
linked immunoassay (59) modified to specifically detect mouse VPF/VEGF 
with an antipeptide antibody made to rat VPF/VEGF NH 2 -terminal amino 
acids 1-25, which detects both rat and mouse protein (60, 61). Human 
VPF/VEGF protein was detected with an anti-human VPF/VEGF NH 2 -termi- 
nal antibody described previously (7, 62, 63). 

To evaluate the bioactivity of secreted VPF/VEGF, we made use of the 
Miles assay adapted to mouse skin (64). Serum-free conditioned media (24 
h in DMEM, 6 mM/liter L-glutamine, 10 units/ml penicillin, and 10 /xg/ml 
streptomycin) was obtained from stable transfected cells and normalized to 
each other by assaying total cellular protein extracted from the plate; 
protein levels from all dishes were less than 5% variation from each other. 
C57/B16 mice were injected i.v. with Evans blue dye (0.5% in PBS, 0.1 ml). 
After 10 min, test and control samples (0.1 ml) were injected intradermally 
into the flank. Twenty min later, mice were sacrificed, flank skin was 
removed, the underside was inspected, and test sites were photographed 
with a photomacroscope. Each sample was tested in at least three different 
mice. 

Microvascular Permeability in Tumor Xenografts. Two methods were 
used to assess microvascular permeability in melanoma xenografts growing 
in the sx. space of SC1D mice. For macroscopic evaluation of macromo- 
lecular leakage, flank hair was removed with a clipper, and 16 h later, mice 
were injected i.v. with 0.1 ml of 0.5% Coomassie blue dye in PBS via the 
tail vein. Coomassie blue is a plasma albumin-binding dye that differs from 
Evan's blue in that it is cleared from the animal over the course of 2-4 h 
(65); as a result, repeated measurements of permeability were possible in a 
single animal by successive dye injections. Tumor sites were evaluated for 
dye extravasation, and photographed 30 min after each i.v. injection of 
Coomassie blue dye. 

Extravasation of circulating macromolecules at sites of tumor growth was 
determined microscopically using FITC-D as a tracer (11, 66). To remove any 
low molecular weight contaminants, FITC-D (M T 145,000; Sigma Chemical 
Co.) dissolved in PBS (30 mg/ml) was passed over a G-50 Sephadex (Phar- 
macia) column equilibrated with PBS, and the void volume was collected. 



Tumor xenograft-bearing SC1D mice were injected i.v. with 0.1 ml of FITC-D 
and sacrificed 30 min later. Animals were then exsanguinated and tumors with 
adjacent skin, and control tissues were suspended in alcohol :paraformalde- 
hyde:PBS (70:4:26), a fixative that precipitates FITC-D, thereby preventing its 
further diffusion. Tissues were further dehydrated, embedded in paraffin, and 
sectioned for microscopy as described previously. 

Growth of Stably Transfected Melanoma Xenografts in Immuno- 
deficient Mice. Pooled and stably transfected SK-MEL-2 human melanoma 
cells (5 X 10 5 cells/site) were injected into the s.c. space of immunodeficient 
female nude mice (NCr-nu; Taconic Farms, Germantown, NY). Each animal 
received one such injection in each flank. In parallel experiments, similarly 
transfected SK-MEL-2 cells were injected into the deep dermis of female 
SCID mice (Taconic Farms, Germantown, NY), six sites/animal. For these 
experiments, 2 X 10 5 cells were injected with a 30 gauge needle, s.c, and 
dermal tumors were harvested at 10-21 days and weighed individually prior to 
fixation. 

In other experiments, 2 X 10 5 tumor cells were injected i.v. in either 
SCID or NCr-nu mice. Animals were euthanized 21 days later, and lungs 
were harvested for evaluation of tumor colonies. Lungs were inflated with 
4% paraformaldehyde-PBS, and external tumor nodules were counted with 
a dissecting microscope. Statistical analysis of tumor weights and numbers 
of lung colonies was performed with the Tukey-Kramer multiple compar- 
ison test. 

Histology, in Situ Hybridization, and Immunohistochemistry. For rou- 
tine histology, tumors and control tissues were fixed in 4% paraformaldehyde- 
PBS and processed and embedded in paraffin for hematoxylin and eosin 
staining. For in situ hybridization, tissues were fixed in cold 4% paraformal- 
dehyde-PBS tissues for <4 h and transferred to sucrose (30% sucrose in 0.1 M 
PBS) for 16 h at 4°C. Tissues were then embedded in OCT compound, and 
4-jxm sections were cut for either immunohistochemistry or in situ hybridiza- 
tion performed as described previously (4-7). 

Antibodies used for immunohistochemistry were: (a) rabbit anti-mouse type 
IV collagen (BioDesign International, Kennebunk, ME), which stains base- 
ment membranes, including those of the microvasculature; and (b) an antibody 
to the NH 2 -terminal peptide (amino acids 1-25) of rat VPF/VEGF, kindly 
provided by Dr. Janice Nagy (Beth Israel Hospital, Boston, MA) (60, 61). 
Probes for in situ hybridization were synthesized by transcription of sense or 
antisense RNAs from either pGEM or pBluescript II plasmids containing the 
following inserts: mouse VPF/VEGF cDNA, 300 bp; SV40 small t intron and 
polyadenylation sequence, 600 bp; mouse flt-1 cDNA fragment, 545 bp; and 
mouse flk-1 fragment, 330 bp (mouse flt-1 and flk-1 clones were a kind gift 
from Clive Wood, Genetics Institute, Cambridge, MA). All of the above 
probes were specific and controlled for by the use of sense probes in the same 
experiment (4-7). 

RESULTS 

Screening for Human Tumor Cell Lines That Expressed Little 
or No VPF/VEGF mRNA Constitutively. Recognizing that the 
great majority of tumorigenic cell lines overexpress VPF/VEGF con- 
stitutively (8, 13), we screened a number of established human tumor 
lines in search of cells that produced minimal amounts of VPF/VEGF 
mRNA. Northern analysis revealed that, in contrast to the majority of 
cell lines tested (U373, HT1080, HT29, T24, C6, NB41, and others), 
cultured M21 and SK-MEL-2 melanoma cells expressed very low 
levels of VPF/VEGF mRNA (Fig. 1). M21 cells expressed slightly 
more VPF/VEGF mRNA than did SK-MEL-2 cells and also ex- 
pressed detectable levels of the VPF/VEGF receptor, KDR, whereas 
SK-MEL-2 cells did not. Expression of VPF/VEGF receptors is 
normally confined to vascular endothelium, although KDR expression 
has been reported previously on other human melanoma cell lines 
(67). 

VPF/VEGF mRNA expression is up-regulated in many cell lines by 
hypoxia (29-37); this is a significant consideration because tumor 
cells growing in vivo are likely subjected to at least some degree of 
hypoxia. Therefore, to measure VPF/VEGF mRNA expression under 
conditions that more closely approximate those occurring in vivo, we 
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Fig. 1. Expression of endogenous VPF/VEGF mRNA (human, doublet at 4.2 and 
3.7 kb) and KDR mRNA (7.5 kb) by two human melanoma cell lines, M21 and 
SK-MEL-2, was evaluated by Northern blotting. Cells were cultured for 4 h under 
normoxic (C) or hypoxic (H) conditions prior to RNA extraction. The 36B4 ribo- 
some-associated protein mRNA (1.6 kb) was probed as a control for RNA loading, 
blotting, and hybridization. 



cultured M21 and SK-MEL-2 cells under hypoxic conditions for 
periods of 4 and 24 h. Under these conditions, VPF/VEGF mRNA 
expression was strikingly and progressively up-regulated in M21 cells 
(7-fold at 4 h hypoxia as determined by phosphor imaging), whereas 
expression of the VPF/VEGF receptor KDR was oppositely regulated, 
falling below detectable levels after 24 h of culture (data not shown). 
VPF/VEGF mRNA expression was also up-regulated in SK-MEL-2 
cells subjected to hypoxic culture conditions (4-fold at 4 h), but the 
amounts of VPF/VEGF mRNA induced were lower (by a factor of 
3-fold at 4 h) than in comparably cultured M21 cells. Nonetheless, 
when SK-MEL-2 cells were subjected to prolonged hypoxic culture 
for 24 h, their expression of VPF/VEGF approached that of M21 cells 
(data not shown). In addition, KDR expression remained undetectable 
in SK-MEL-2 cells cultured under hypoxic conditions. 

Measurements of secreted VPF/VEGF protein were consistent with 
results obtained by Northern analysis. Thus, supernatants from M21 
cells cultured for 18 h under hypoxic conditions contained 67 pM 
VPF/VEGF as compared with only 13 pM in supernatants from 
similarly cultured SK-MEL-2. For reference, concentrations of VPF/ 
VEGF necessary to regulate endothelial cell growth promotion and 
altered gene expression fall in a range between 22 and 200 pM (14, 16, 
23). 

These molecular findings were consistent with earlier studies from 
our laboratory with M21 and SK-MEL-2 cells. We had demonstrated 
previously that both cell lines grew at equivalent rates in vitro and 
formed tumors in immunodeficient nude mice; however, the tumors 
formed by M21 cells were well vascularized and exhibited minimal 
necrosis, whereas those formed by SK-MEL-2 cells were smaller, less 
well vascularized, and exhibited extensive necrosis (68). Therefore, 
based on these findings, and particularly on the lower baseline of 
VPF/VEGF mRNA expression, its lesser inducibility by hypoxia and 
the lack of KDR expression under both normoxic and hypoxic con- 
ditions, we selected the SK-MEL-2 cell line for transfection experi- 
ments. 

VPF/VEGF mRNA Expression in SK-MEL-2 Cells Transfected 
with Murine Sense or Antisense VPF/VEGF cDNA, SK-MEL-2 
cells were stably transfected with the cDNAs encoding either sense 
or antisense orientations of the mouse 164-amino acid VPF/VEGF 



isoform under the control of a constitutive expression vector (see 
"Materials and Methods"). As a control, other SK-MEL-2 cells 
were transfected with vector alone without a VPF/VEGF insert. 
Pools of the resulting transfectants were then cultured under nor- 
moxic conditions, and total RNAs were extracted for Northern 
analysis (Fig. 2). 

As in the parental SK-MEL-2 population, transfectants expressed 
endogenous human VPF/VEGF mRNA of 4.2 and 3.7 kb, whereas the 
vector-directed murine VPF/VEGF mRNA (both sense and antisense) 
formed a readily distinguishable band at 1.9 kb. SK-MEL-2 cells 
transfected with vector alone (SK-MEL-2 Nl cells) expressed only 
small amounts of endogenous human VPF/VEGF mRNA and, as 
expected, no detectable murine VPF/VEGF mRNA. However, two 
pooled stably transfected cell lines containing the murine VPF/VEGF 
sense (SK-MEL-2 V+l or V+2) or antisense (SK-MEL-2 V-l or 
V-2) insert expressed high levels of vector-derived mRNAs at 1.9 kb 
detected by double-stranded murine VPF/VEGF cDNA probe. Of 
interest, levels of endogenous human VPF/VEGF mRNA expression 
were also increased somewhat in several sense- and antisense-ex- 
pressing transfectants [as much as a 3-fold induction , above vector- 
only transfected control cell (Nl) levels, as determined by phospho- 
rimage analysis]. 

Immunoreactive and Bioactive VPF/VEGF Protein Secreted by 
Transfected Cells. To determine whether the various transfectants 
also expressed VPF/VEGF at the protein level, cells were cultured for 
24 h under normoxic conditions in serum-free medium. Serum- and 
cell-free supernatants were then collected and subjected to immuno- 
assays that separately measured VPF/VEGF of mouse and human 
origin (Table 1). High levels of murine, but not human, VPF/VEGF 
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Fig. 2. Northern blot of SK-MEL-2 cell pools stably transfected to express sense (V+l 
and V+2) or antisense (V-l and V-2) mouse VPF/VEGF mRNAs. Nl, SK-MEL-2 cells 
were transfected with CMV vector alone. As in Fig. 1, endogenous (ENDOG.) human 
VPF/VEGF mRNA transcripts were detected as a doublet at 4.2 and 3.7 kb, and 
vector-driven murine VPF/VEGF transcripts were detected as a single 1.9-kb band 
(TRANSFECT.). Control hybridization was performed with the 36B4 probe. 



Table 1 Correlation of VPF/VEGF secretion in vitro and tumor growth in the s.c. or 
subdermal space of SClD mice 




Transfected VPF- VEGF protein 
SK-MEL-2 determined by 

tumor cells immunoassay (pM) 



Subdermal tumor 
S.C. tumor weight weight (mg) 
(mg) m ± SEM m ± SEM 

(n = 8) (it = 6) 



Mouse 



Human 



Nl 



V + r 802,670 c 
V-l 



38 ± 6.6 
111 ± 33 d 
18 ± 1.9 



17 ± 2.7 
216 ± 60 c 
4 ± 0.97 



a Below assay detection limit. 

6 In a single experiment, immunoreactive VPF/VEGF was measured to be 727 pM in 
V + 2 cell culture supernatants, similar to that of V + 1 culture supernatants. 
c Data from two separate experiments. 

d Significantly different from Nl and V-l at P < 0.0 1 by Tukey-Kramer test. 
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Fig. 3. Biological activity of culture supematants prepared from transfected SK- 
MEL-2 cells as determined in the Miles assay. Mice injected i.v. with Evans blue dye were 
injected intradermally with serum- and cell-free conditioned medium (24 h) prepared from 
Nl, V+1, V+2, V-1, and V-2 cell pools, and bluing was assessed 25 min later. 
Recombinant human VPF/VEGF (hVPF; 0.02 pM) was injected as a positive control. 
Supematants from V+1 and V+2 cells gave strong positive results, whereas those from 
Nl, V-1, and V-2 cells were at very low or background levels. 



were detected in SK-MEL-2 V+1 and V+2 cells transfected with 
sense VPF/VEGF cDNA. However, assays of culture supematants 
prepared from SK-MEL-2 Nl, V-1, or V-2 cells revealed little or no 
detectable human or mouse VPF/VEGF. 

Culture supematants were also tested in the Miles assay for bio- 
logical activity in promoting extravasation of circulating macromol- 
ecules. Consistent with the immunoassay data, supematants from 
cultured SK-MEL-2 V+1 and V+2 cells that were injected into 
normal mouse skin generated striking effusions of Evan's blue dye 
(Fig. 3). In contrast, supematants from SK-MEL-2 Nl cells generated 
only a minimal positive response, and those from SK-MEL-2 V-1 and 
V-2 cells elicited insignificant dye extravasation that was indistin- 
guishable from control sites injected with DMEM. 



Growth and Morphology of Transfected SK-MEL-2 Cells 
Growing as Xenografts in SCID Mice. The three types of 
transfected cells were tested for their capacity to grow in the s.c. or 
subdermal space of immunodeficient nude or SCID mice, respec- 
tively. SK-MEL-2 V+1 cells grew much faster and formed larger 
tumors than either SK-MEL-2 Nl or SK-MEL-2 V-1 cells 
(Table 1). 

In addition to differences in size, the several transfectants were 
found to grow in different histological patterns (Fig. 4). Like the 
parental cell line, SK-MEL-2 N cells formed tumors with moderate 
amounts of central necrosis (necrosis representing 30-50% of 
tumor volume in four separate tumors). In contrast, SK-MEL-2 V+ 
cells, which overexpressed immunoreactive and bioactive mouse 
VPF/VEGF, formed larger tumors with little or no necrosis (<5% 
in four separate V+1 tumors and <10% in each of four V+2 
tumors). Finally, SK-MEL-2 V- cells, which overexpressed anti- 
sense VPF/VEGF, formed smaller tumors with extensive areas of 
central necrosis, surrounded by only a thin rim of viable tumor 
cells. In each of four V-1 tumors, —80% of the tumor mass was 
necrotic; in each of four V-2 tumors, necrosis accounted for —60% 
of tumor mass. 

Expression of VPF/VEGF and Its Receptors by Transfected 
SK-MEL-2 Cells Growing as Xenografts in SCID Mice. We per- 
formed in situ hybridization to determine whether the various trans- 
fected cell populations maintained the patterns of murine VPF/VEGF 
sense or antisense rnRNA expression in vivo that had been observed 
in culture. As shown in Fig. 5, neoplastic V+1 cells expressed high 
levels of murine VPF/VEGF rnRNA. Using the same antisense probe, 
V-1 cells did not express murine VPF/VEGF rnRNA above back- 
ground levels; however, high levels of antisense VPF/VEGF rnRNA 
expression were detected when these cells were hybridized with a 
VPF/VEGF sense riboprobe. 

We also evaluated the expression of the two recognized VPF/ 
VEGF receptors, fit- 1 and the KDR mouse homologue flk-1, by in 




Fig. 4. Histology of tumors that developed 14 days after s.c. injection of SK-MEL-2 transfected cells into nude mice. A, Nl cells (vector-only transfectants) yielded small, poorly 
vascularized tumors with necrotic (N) centers. B, V+ 1 cells (mouse sense VPF/VEGF transfectants) yielded larger, well-vascularized tumors with minimal necrosis. C, V-1 cells (mouse 
antisense VPF/VEGF transfectants) developed small, poorly vascularized tumors comprised of a thin shell of viable tumor cells surrounding a large central necrotic core. Arrows, 
demarcation of border between viable (peripheral) tumor and central necrosis. X 1 15. 
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Fig. 5. In situ hybridization of SK-MEL-2 V + 1 and SK-MEL-2 V-l tumors (T) growing in the s.c. space of nude mice and photographed, alternatively, in bright field or with dark 
field. Sections were hybridized with RNA probes as follows: antisense (AS) VPF/VEGF (A-D); sense (5) VPF/VEGF (E-H)\ antisense SV40 t-intron/PA (/-L); and antisense fik-1 
(Af-P). SK-MEL-2 V+ 1 tumor cells consistently overexpressed the following mRNAs: VPF/VEGF (A and B\ SV40 t-intron/PA (/ and /), and fik-1 (M and N). In contrast, SK-MEL-2 
V-l overexpressed SV40 t-intron/PA raRNA (K and L) and antisense VPF/VEGF mRNA (G and H) but did not express detectable levels of sense VPF/VEGF (C and D) or of flk-1 
mRNA (O and P). Arrow in M, tumor blood vessel. 




situ hybridization (Fig. 5), As has been found to be typical of most 
human and animal tumors that have been studied to date, mRNAs 
encoding the VPF/VEGF receptor KDR/flk- 1 were highly overex- 
pressed in tumors formed by V 4-1 cells; KDR/flk- 1 mRNA was 
confined to endothelial cells lining tumor microvessels, and none 



was found associated with tumor cells. In contrast to V + 1 tumors, 
the relatively avascular tumors formed by SK-MEL-2 V-l cells 
expressed only low levels of KDR/flk- 1 mRNA, confined to mi- 
cro vessel endothelial cells. This was also the case for control 
transfected SK-MEL-2 Nl tumors (data not shown). The second 
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Fig. 6. Comparison of microvascular permeability in tumors formed by VPF/VEGF- 
hypersecreting SK-MEL-2 V+l cells and vector-only transfected SK-MEL-2 Nl cells. 
Five days after injection of 1 X 10 6 tumor cells into the s.c. space of SOD mice, 3 mg 
FITC-D (average M T 145,000) was injected i.v.; 30 min later, tumors were harvested, 
fixed, and processed for paraffin sections under anhydrous conditions. Fluorescence 
microscopy revealed a bright rim of FITC-D extravasation around SK-MEL-2 V + l 
tumors (A) and very little fluorescence around Nl tumors (B). t, rumor nodule. A, X250; 
B, X430. 



VPF/VEGF receptor, flt-1, was expressed in vascular endothelium 
of V+l tumors but only at background levels in tumors formed by 
V-l cells. 

Microvascular Hyperpermeability and Angiogenesis Induced 
by VPF/VEGF Transfected Cells Growing in SCID Mice. The 
three types of transfected cells were injected s.c. into SCID mice. At 
24 and again at 72 h, Coomassie blue dye was injected i.v-. t and bluing 
was assessed at tumor cell injection sites. Prominent bluing was 
observed at sites of V+ cell injection at both time intervals, whereas 
only minimal bluing was observed at sites of Nl cell injection (data 
not shown). Sites injected with SK-MEL-2 cells transfected with the 
antisense VPF/VEGF vector (V- cells) showed only a background 
level extravasation of Coomassie blue at all times, up to 96 h after s.c. 
tumor cell injection. 

To determine more precisely the nature and extent of vascular 
hyperpermeability induced by the various transfected SK-MEL-2 tu- 
mor cells, imunodeficient mice bearing 5-day tumors were injected 
i.v. with M T 145,000 FITC-D, and the tumors were harvested for 
histological study 1 h later. As shown in Fig. 6, the microvessels 
surrounding the growing V+ tumors exhibited extensive microvas- 
cular hyperpermeability to FITC-D, whereas much less leakage was 
observed in tumors formed by N cells. Antisense-expressing V— cells 
had not formed palpable tumor nodules by day 5 and did not give 
evidence of vascular hyperpermeability (data not shown). 

To evaluate the level of tumor angiogenesis induced by the 
various SK-MEL-2 transfectants, sections of the three types of 
tumor xenograft were immunostained with anti-type IV collagen 
antibodies, which highlighted microvessels by labeling their base- 
ment membranes. As shown in Fig. 7, tumors formed by V+ 1 cells 
were highly vascular, those formed by V-l cells were poorly 
vascularized, and those formed by Nl cell transfectants exhibited 
intermediate vascularity, similar to that of parental (untransfected) 
SK-MEL-2 tumor cells. Immunohistochemistry was also used to 
assess mouse VPF/VEGF protein in V + 1 tumors. Abundant mouse 
VPF/VEGF was detected in the sense VPF/VEGF-expressing tu- 
mors; as described previously (4, 5, 7, 9, 60, 61), staining for 
VPF/VEGF was observed both in tumor cells and in adjacent 
microvessels. In contrast, control Nl tumors did not stain with 
antibodies to mouse VPF/VEGF (Fig. 7). 

Ability of Transfected SK-MEL-2 Cells to Form Lung Colonies 
following i.v. Injection. In a first experiment, 1 X 10 s Nl, V+l, 
V+2, V-l, or V-2 cells were injected i.v. into groups of four SCID 
mice each; three weeks later, lungs were harvested, and random 
histological sections were prepared and studied by low power micros- 
copy. A total (mean + SEM) of 18.5 ± 8.4 and 14.5 ± 3.4 tumor 



nodules were found per low power field (final magnification, X40) in 
V+l and V+2 injected mice, respectively. In contrast, only two 
individual tumor nodules were found in similar lung sections taken 
from the 12 mice receiving Nl (one), V-l (none), and V-2 (one) tumor 
cells. 

In a second experiment, groups of SCID mice (four each) were 
injected i.v. with 2 X 10 5 V+l, V-l, or Nl cell pools. Three weeks 
later, lungs were harvested, and surface tumor nodules were counted. 
SK-MEL-2 V+l cells formed many more lung colonies than did Nl 
cells: 216 ± 29.9 versus 4.0 ± 1.2. In addition, the individual colonies 
formed by V + 1 cells were substantially larger and better vascularized 
than those formed by N cells (Fig. 8). In contrast, i.v.-injected V-l 
cells did not form any lung colonies at the macroscopic level. 

DISCUSSION 

The data presented here provide strong direct evidence that 
VPF/VEGF has an important role in facilitating tumor growth in 
vivo by stimulating tumor angiogenesis. SK-MEL-2 melanoma 
cells were selected for study because, of all tumorigenic cell lines 
tested, they expressed the least amount of VPF/VEGF when grow- 
ing as solid tumors in vivo or when cultured under normoxic or 
hypoxic conditions. Parental SK-MEL-2 melanoma cells formed 
small, slowly growing s.c. or subdermal tumors in immunodefi- 
cient mice that were characterized by necrosis and low vascular 
density. When stably transfected with mouse sense VPF/VEGF 
cDNA, however, these V+ cells formed tumors that grew much 
more rapidly, developed an adequate blood supply, and exhibited 
little ischemic necrosis. These results stand in contrast to the 
behavior of SK-MEL-2 cells transfected with vector alone (Nl 
cells) or transfected with antisense VPF/VEGF cDNA (V- cells). 
Nl cells behaved much like the parental line in vivo, whereas V— 
cells, which expressed still lower levels of bioactive human VPF/ 
VEGF as determined in the Miles assay, formed very small, poorly 
vascularized tumors with extensive necrosis. Finally, following i.v. 
injection, V+ cells formed numerous lung tumor nodules, more 
than 50 times more than were formed by Nl cells. Comparable 
numbers of V- cells formed very few or no detectable lung 
nodules following i.v. injection. Taken together, these data em- 
phasize the importance of VPF/VEGF in primary tumor growth 
and point to a role for VPF/VEGF in the later phases of the 
metastatic process. 

Our results complement those reported recently by Potgens et al. 
(69). These workers also found that hypoxia stimulated VPF/VEGF 
expression in several human melanoma cell lines. Moreover, tumors 
having low metastatic potential expressed low levels of VPF/VEGF in 
culture, whereas melanoma lines that formed tumors with high met- 
astatic potential expressed high levels of VPF/VEGF in culture. How- 
ever, these differences in VPF/VEGF expression disappeared when 
tumors were grown in vivo. The authors attributed their results to 
up-regulation of VPF/VEGF expression in vivo by hypoxia. They also 
demonstrated a change in tumor vascular architecture when a mela- 
noma cell line with hypoxia-inducible VPF/VEGF expression was 
engineered into a line with constitutive VPF/VEGF expression. 

Several features of our experiments deserve further comment. A 
first point of interest is the difficulty we encountered in finding a 
tumorigenic cell line that did not express abundant VPF/VEGF con- 
stitutively. Screening of some 15 human and rodent lines revealed that 
all except SK-MEL-2 melanoma cells expressed substantial levels of 
VPF/VEGF mRNA when cultured under standard normoxic condi- 
tions and that expression was further up-regulated, although to vary- 
ing degrees, when any of these cells were cultured under hypoxic 
conditions of the type likely to occur when tumors grow in vivo. In 



vmcLru^ £Cn type IV (i *" C) and VPF/VEGF immunostaining (D and E) of tumors formed by SK-MEL-2 cells stably transfected with vector only (Nl), with sense mouse 
VPF/VEGF(V+1) or with antisense mouse VPF/VEGF (V-l). Collagen type IV immunostaining was used to identify tumor microvessels by staining their basement membranes A 
Nl tumors had relatively few vessels and were characterized by small foci of necrosis (arrowheads). B, V+l tumors were highly vascular and exhibited little or no necrosis C V-l 
tumors exhibited fewer blood vessels than Nl tumors and more extensive central necrosis (N); even the peripheral rim of viable tumor (upper) contains focai necrosis (a?) D 
immunostaining of SK-MEL-2 V+l tumor with an antibody to the NH 2 -terminal peptide of murine VPF/VEGF reveals cytoplasmic staining of tumor cells (arrows) as well as the 
endothelium of blood microvessels (v). E, in contrast, an SK-MEL-2 Nl tumor exhibits no significant staining for mouse VPF/VEGF. A-C, X270; D and E X670 




/„ R % 5; Vl? g . ^ mor co,onies Allowing i.v. injection of 2 X I0 5 SK-MEL-2 Nl (A) or V+ 1 (B and Q cells. SK-MEL-2 V+ 1 cells produced numerous macroscopic lung colonies 
(B and O labeled as T, whereas SK-MEL-2 Nl cells produced many fewer such colonies and in this particular lung, none. 
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fact, we were unable to identify a tumorigenic cell line that did not 
express detectable levels of VPF/VEGF mRNA when cultured under 
hypoxic conditions and therefore, to conduct this study, we were 
obliged to use the SK-MEL-2 melanoma cell line that expressed 
relatively smaller (but still sizable) amounts of VPF/VEGF mRNA as 
compared with the other cell lines we tested. These findings are in 
agreement with studies of autochthonous and metastatic human tu- 
mors, the great majority of which express abundant VPF/VEGF 
mRNA in situ (8, 13). 

A second point to be emphasized is that in comparing VPF/VEGF 
expression among different cell lines, it is important to test cells under 
both normoxic and hypoxic culture conditions. It is now well known that 
VPF/VEGF expression is strikingly up-regulated by hypoxia in nearly all 
cultured cells, including primary cultures of many normal cells (even 
including endothelial cells 4 ). To the extent that tumors growing in vivo 
are hypoxic, cell cultures at reduced oxygen tension may give a more 
realistic picture of tumor cell VPF/VEGF expression than that obtained 
when cells are cultured under the usual normoxic conditions. Further- 
more, our findings raise the possibility that VPF/VEGF expression may 
be requisite for tumorigenicity; as noted, we have yet to identify a 
tumorigenic cell line that does not express detectable levels of VPF/ 
VEGF under hypoxic conditions. We have, however, described two 
relatively uncommon autochthonous human tumors (lobular carcinoma 
of the breast and papillary renal carcinomas) that do not strongly express 
VPF/VEGF mRNA as determined by iw situ hybridization (5, 6). Of note, 
both of these tumors are relatively avascular as compared with the more 
common carcinomas that arise in breast and kidney and that strongly 
overexpress VPF/VEGF. 

A third point of note is that expression of the mRNAs encoding 
the VPF/VEGF receptors fit- 1 and KDR/flk-1 paralleled that of 
VPF/VEGF mRNA expression and overall vascular density. Thus, 
flt-1 and KDR/flk-1 mRNAs were strongly expressed by vascular 
endothelium in the numerous new vessels elicited by VPF/VEGF 
overexpressing V+ tumor cells, whereas neither was abundantly 
expressed in tumors formed from V- cells. The mechanisms 
regulating the expression of VPF/VEGF receptor mRNAs are not 
well understood. Hypoxic culture conditions (24 h) increased the 
expression of flt-1 mRNA by dermal microvascular endothelial 
cells, whereas expression of KDR was reduced to undetectable 
levels, 5 similar to the regulation we observed in the M21 tumor 
cells. Thus, in melanoma cells as in cultured endothelial cells, 
hypoxia represses KDR/flk-1 expression. 

A fourth point is that transfection of SK-MEL-2 cells with the mouse 
antisense VPF/VEGF cDNA led to reduced expression of endogenous 
human VPF/VEGF in vitro. Moreover, these V- cells induced signifi- 
cantly less angiogenesis than either the parental strain or than Nl cells 
transfected with vector alone, and presumably as a consequence, formed 
small, slowly growing tumors with extensive necrosis when implanted in 
immunodeficient mice. These results provide evidence that the human 
VPF/VEGF secreted by parental SK-MEL-2 cells and by Nl vector 
transfectants is effective at inducing angiogenesis in mice and that over- 
expression of a mouse antisense VPF/VEGF construct can inhibit ex- 
pression of endogenous human VPF/VEGF. 

Two additional points deserve mention. The first is the close 
correlation that we found between VPF/VEGF expression, micro- 
vascular hyperperme ability, and tumor-induced angiogenesis. 
Thus, V+ cells formed tumors that induced striking microvascular 
hyperpermeability and angiogenesis, whereas Nl and V- trans- 
fectants formed smaller, less vascular tumors with much less 
microvascular hyperpermeability and angiogenesis. We have sum- 



4 M. Detmar, unpublished data. 

5 M. Detmar, unpublished results. 



marized evidence elsewhere that microvascular hyperpermeability 
represents an early and perhaps a requisite stage in the sequence of 
events leading to angiogenesis (8), and the data presented here are 
consistent with this hypothesis. Although numerous angiogenesis 
factors have been described, only VPF/VEGF is known to be 
capable of inducing microvascular hyperpermeability by a direct 
action on vascular endothelium. Second, our data indicate that 
VPF/VEGF plays a critical role in the formation of lung tumor 
colonies when tumor cells are injected i.v. The i.v. injection of 
small numbers (1-2 X 10 5 ) of V+ tumor cells led to the formation 
of large numbers of lung metastases in SGID mice, some 50-fold 
more numerous than developed following the injection of the same 
number of Nl cells. Furthermore, i.v. injection of similar numbers 
of V- cells failed to induce significant numbers of lung metasta- 
ses. We considered the possibility that these results might simply 
indicate that tumor cells expressing VPF/VEGF possess a growth 
advantage in vivo so that they formed larger and therefore more 
easily recognizable tumors than did cells transfected with vector 
alone or with antisense VPF/VEGF cDNA. In fact, individual lung 
tumors formed by V+ cells were considerably larger than those 
formed by Nl cells, whereas V- tumor cells only formed only 
rare, microscopically detectable tumors. One likely reason for this 
finding is that the lung is an exceptionally well-oxygenated tissue, 
and in this environment, hypoxia-mediated induction of VPF/ 
VEGF production by SK-MEL-2 cells may be less likely to occur 
than in the s.c. or subdermal spaces; in this environment, consti- 
tutive overexpression of VPF/VEGF may be required to form lung 
colonies. 

Presently uncertain is the mechanism(s) by which VPF/VEGF 
overexpression favors the formation of tumor colonies in the lung. 
The lung colonization assay collectively measures several of the 
important steps in tumor metastasis including tumor cell survival in 
the circulation, extravasation from microvessels, and the capacity for 
cell growth in a distant site. Because high levels of VPF/VEGF 
expression favor SK-MEL-2 tumor cell growth in both s.c. and 
subdermal sites, we expect that this property is also important in lung 
colonization. Koop et ah (70) have reported recently that the majority 
of mouse B16F10 melanoma cells injected i.v. survive in the circu- 
lation and extravasate; therefore, at least in their system, the critical 
factor in determining the efficiency of lung colonization was the 
ability of cells to grow at stages of the metastatic process that 
followed after extravasation. Whether VPF/VEGF overexpression 
also favors cell survival in the circulation or tumor cell extravasation 
in addition to postextravasation tumor growth awaits further experi- 
mentation. 

ACKNOWLEDGMENTS 

We are grateful for the helpful discussions and critical reading of the 
manuscript by Donald Senger. 

REFERENCES 

1. Dvorak, H. R, Orenstein, N. S., Carvalho, A. C, Churchill, W. H., Dvorak, A. M., 
Galli, S. J., Feder, J., Bitzer, A. M., Rypysc, J., and Giovinco, P. Induction of a 
fibrin-gel investment: an early event in line 10 hepatocarcinoma growth mediated by 
tumor-secreted products. J. Immunol., 122: 166-174, 1979. 

2. Senger, D. R., Galli, S. J., Dvorak, A. M M Perruzzi, C. A., Harvey, V. S., and Dvorak, 
H. F. Tumor cells secrete a vascular permeability factor that promotes accumulation 
of ascites fluid. Science (Washington DC), 279; 983-985, 1983. 

3. Senger, D. R., Peruzzi, C. A., Feder, J., and Dvorak, H. F. A highly conserved 
vascular permeability factor secreted by a variety of human and rodent tumor cell 
lines. Cancer Res., 46: 5629-5632, 1986. 

4. Brown, L. F., Berse, B., Jackman, R. W. ( Tognazzi, K., Manseau, E. J., Senger, D. R., 
and Dvorak, H. F. Expression of vascular permeability factor (vascular endothelial 
growth factor) and its receptors in adenocarcinomas of the gastrointestinal tract. 
Cancer Res., 53: 4727-4735, 1993. 



VPF/VEGF ENHANCES MELANOMA GROWTH AND VASCULARIZATION 



5. Brown, L. F., Berse, B., Jackman, R. W., Tognazzi, K., Manseau, E. J., Dvorak, H. F., 
and Senger, D. R. Increased expression of vascular permeability factor (vascular 
endothelial growth factor) and its receptors in kidney and bladder carcinomas. Am. J. 
Pathol., 143: 1255-1262, 1993. 

6. Brown, L., Berse, B., Jackman, R., Tognazzi, K., Guidi, A., Dvorak, H., Senger, D., 
Connolly, J., and Schnitt, S. Expression of vascular permeability factor (vascular 
endothelial growth factor) and its receptors in breast cancer. Hum. Pathol., 26: 86-91, 
1995. 

7. Dvorak, H. F., Sioussat, T. M., Brown, L. F., Nagy, J. A., Sotrel, A., Manseau, E., 
Van De Water, L., and Senger, D. R. Distribution of vascular permeability factor 
(vascular endothelial growth factor) in tumors: concentration in tumor blood vessels. 
J. Exp. Med., 174: 1275-1278, 1991. 

8. Dvorak, H., Brown, L., Detmar, M., and Dvorak, A. Vascular permeability factor/ 
vascular endothelial growth factor, microvascular hyperpermeability, and angiogen- 
esis. Am. J. Pathol., 146: 1029-1039, 1995. 

9. Plate, K. H., Breier, G., Weich, H. A., and Risau, W. Vascular endothelial growth 
factor is a potential tumour angiogenesis factor in human gliomas in vivo. Nature 
(Lond.), 359: 845-848, 1992. 

10. Berkman, R. A., Merrill, M. J., Reinhold, W. C, Monacci, W. T., Saxena, A., Clark, 
W. C, Robertson, J. T., Ali, I. U., and Oldfield, E. H. Expression of the vascular 
permeability factor/vascular endothelial growth factor gene in central nervous system 
neoplasms. J. Clin. Invest., 91: 153-159, 1993. 

1 1. Dvorak, H. F., Nagy, J. A., Dvorak, J. T., and Dvorak, A. M. Identification and 
characterization of the blood vessels of solid tumors that are leaky to circulating 
macromolecules. Am. J. Pathol., 133: 95-109, 1988. 

12. Dvorak, H. F., Nagy, J. A., and Dvorak, A. M. Structure of solid tumors and their 
vasculature: implications for therapy with monoclonal antibodies. Cancer Cells, 3: 
77-85, 1991. 

13. Senger, D., Van De Water, L., Brown, L., Nagy, J., Yeo, K-T., Yeo, T-K., Berse, B., 
Jackman, R., Dvorak, A., and Dvorak, H. Vascular permeability factor (VPF, VEGF) 
in tumor biology. Cancer Metastasis Rev., 12: 303-324, 1993. 

14. Connolly, D. T., Heuvelman, D. M., Nelson, R., Olander, J. V., Eppley, B. L., 
Delfino, J. J., Siegel, N. R., Leimgruber, R. M., and Feder, J. Tumor vascular 
permeability factor stimulates endothelial cell growth and angiogenesis. J. Clin. 
Invest., 84: 1470-1478, 1989. 

15. Keck, P. J., Hauser, S. D., Krivi, G., Sanzo, K., Warren, T., Feder, J., and Connolly, 
D. T. Vascular permeability factor, an endothelial cell mitogen related to PDGF. 
Science (Washington DC), 246: 1309-1312, 1989. 

16. Ferrara, N., and Henzel, W. J. Pituitary follicular cells secrete a novel heparin-binding 
growth factor specific for vascular endothelial cells. Biochem. Biophys. Res. Com- 
mun., 161: 851-858, 1989. 

17. Ferrara, N., Houck, K. A., Jakeman, L. B., Winer, J., and Leung, D. W. The vascular 
endothelial growth factor family of polypeptides. J. Cell. Biochem., 47: 211-218 
1991. 

18. Ferrara, N., Leung, D. W., Cachianes, G., Winer, J., and Henzel, W. J. Purification 
and cloning of vascular endothelial growth factor secreted by pituitary folliculostel- 
late cells. Methods EnzymoL, 198: 391-405, 1991. 

19. Gospodarowicz, D., Abraham, J. A., and Schilling, J. Isolation and characterization of 
a vascular endothelial cell mitogen produced by pituitary-derived folliculo stellate 
cells. Proc. Natl. Acad. Sci. USA, 86: 7311-7315, 1989. 

20. Conn, G., Soderman, D. D., Schaeffer, M-T., Wile, M. t Hatcher, V. B., and Thomas, 
K. A. Purification of a glycoprotein vascular endothelial cell mitogen from a rat 
glioma-derived cell line. Proc. Natl. Acad. Sci. USA, 87: 1323-1327, 1990. 

21. Conn, G., Bayne, M. L., Soderman, D. D„ Kwok, P. W., Sullivan, K. A., Palisi, T. M., 
Hope, D. A., and Thomas, K. A. Amino acid and cDNA sequences of a vascular 
endothelial cell mitogen that is homologous to platelet-derived growth factor. Proc. 
Natl. Acad. Sci. USA, 87: 2628-2632, 1990. 

22. Unemori, E. N., Ferrara, N., Bauer, E. A., and Amento, E. P. Vascular endothelial 
growth factor induces interstitial collagenase expression in human endothelial cells. 
J. Cell. Physiol., 153: 557-562, 1992. 

23. Pepper, M. S., Ferrara, N., Orci, L. f and Montesano, R. Vascular endothelial growth 
factor (VEGF) induces plasminogen activators and plasminogen activator inhibitor- 1 
in microvascular endothelial cells. Biochem. Biophys. Res. Coramun., 181: 902-906, 
1991. 

24. Wilting, J. t Christ, B., and Weich, H. A. The effects of growth factors on the day 13 
chorioallantoic membrane (CAM): a study of VEGF 165 and PDGF-BB. Anat. Em- 
bryol., 186: 251-257, 1992. 

25- Tischer, E., Mitchell, R., Hartman, T., Silva, M., Gospodarowicz, D., Fiddes, J. C, 
and Abraham, J. A. The human gene for vascular endothelial growth factor multiple 
protein forms are encoded through alternative exon splicing. J. Biol. Chem., 266: 
11947-11954, 1991. 

26. Claffey, K. P., Wilkison, W. O., and Spiegelman, B. M. Vascular endothelial growth 
factor: regulation by cell differentiation and activated second messenger pathways. 
J. Biol. Chem., 267: 16317-16322, 1992. 

27. Houck, K. A., Ferrara, N., Winer, J., Cachianes, G., Li, B., and Leung, D. W. The 
vascular endothelial growth factor family: identification of a fourth molecular 
species and characterization of alternative splicing of RNA. Mol. Endocrinol., 5: 
1806-1814, 1991. 

28. Houck, K. A., Leung, D. W., Rowland, A. M., Winer, J., and Ferrara, N. Dual 
regulation of vascular endothelial growth factor bioavailability by genetic and pro- 
teolytic mechanisms. J. Biol. Chem., 267: 26031-26037, 1992. 

29. Koos, R. D., and Olson, C. E. Hypoxia stimulates expression of the gene for vascular 
endothelial growth factor (VEGF), a putative angiogenic factor, by granulosa cells of 
the ovarian follicle, a site of angiogenesis. J. Cell Biol., 115: 421a, 1991 (abstract). 

30. Shweiki, D., Itin, A., Soffer, D., and Keshet, E. Vascular endothelial growth factor 
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature (Lond.), 



359: 843-845, 1992. 

31. Ladoux, A., and Frelin, C. Hypoxia is a strong inducer of vascular endothelial growth 
factor mRNA expression in the heart. Biochem. Biophys. Res. Commun 195- 
1005-1010, 1993. 

32. Hashimoto, E., Ogita, T., Nakaoka, T., Matsuoka, R., Takao, A., and Kira, Y. Rapid 
induction of vascular endothelial growth factor expression by transient ischemia in rat 
heart. Am. J. Physiol., 267: H1948-H1954, 1994. 

33. Hashimoto, E., Kage, K., Ogita, T., Nakaoka, T., Matsuoka, R., and Kira, Y. 
Adenosine as an endogenous mediator of hypoxia for induction of vascular endothe- 
lial growth factor mRNA in U-937 cells. Biochem. Biophys. Res. Commun., 204- 
318-324, 1994. 

34. Brogi, E., Wu, T., Namiki, A., and Isner, J. M. Indirect angiogenic cytokines 
upregulate VEGF and bFGF gene expression in vascular smooth muscle cells, 
whereas hypoxia upregulates VEGF expression only. Circulation, 90- 649-652 
1994. 

35. Detmar, M., Brown, L., Claffey, K., Yeo, K-T., Kocher, O., Jackman, R., Berse, B., 
and Dvorak, H. Overexpression of vascular permeability factor and its receptors in 
psoriasis. J. Exp. Med., 180: 1141-1146, 1994. 

36. Banai, S., Shweiki, D„ Pinson, A., Chandra, M., Lazarovici, G., and Keshet, E. 
Upregulation of vascular endothelial growth factor expression induced by myocardial 
ischaemia: implications for coronary angiogenesis. Cardiovasc. Res., 28' 1 176-1 179 
1994. 

37. Tuder, R. M., Rook, B. E., and Voelkel, N. F. Increased gene expression fof VEGF 
and the VEGF receptors KDR/Flk and Fit in lungs exposed to acute or to chronic 
hypoxia: modulation of gene expression by nitric oxide. J. Clin. Invest., 95: 1798- 
1807, 1995. 

38. Terman, B. I., Dougher-Vermazen, M., Carrion, M. E., Dimitrov, D. C, Armellino, 
D., Gospodarowicz, D., and Bohlen, P. Identification of the KDR tyrosine kinase as 
a receptor for vascular endothelial cell growth factor. Biochem. Biophys. Res 
Commun., 187: 1579-1586, 1992. 

39. Quinn, T. P., Peters, K. G., De, V. C, Ferrara, N., and Williams, L. T. Fetal liver 
kinase 1 is a receptor for vascular endothelial growth factor and is selectively 
expressed in vascular endothelium. Proc. Natl. Acad. Sci. USA, 90- 7533-7537 
1993. 

40. Kaipainen, A., Korhonen, J., Pajusola, K., Aprelikova, O., Persico, M. G., Terman, 
B. L, and Alitalo, K. The related FLT4, FLT1, and KDR receptor tyrosine kinases 
show distinct expression patterns in human fetal endothelial cells. J. Exp. Med., 178- 
2077-2088, 1993. 

41. de Vries, C, Escobedo, J. A., Ueno, H., Houck, K., Ferrara, N., and Williams, L. T. 
The Jrns-Wke tyrosine kinase, a receptor for vascular endothelial growth factor. 
Science (Washington DC), 255: 989-991, 1992. 

42. Mustonen, T., and Alitalo, K. Endothelial receptor tyrosine kinases involved in 
angiogenesis. J. Cell Biol., 129: 895-898, 1995. 

43. Brown, L. F., Yeo, K. T., Berse, B., Yeo, T. K., Senger, D. R., Dvorak, H. F., and Van 
De Water, L. Expression of vascular permeability factor (vascular endothelial growth 
factor) by epidermal keratinocytes during wound healing. J. Exp. Med., 176- 1375- 
1379, 1992. 

44. Peters, K. G., De, V. C, and Williams, L. T. Vascular endothelial growth factor 
receptor expression during embryogenesis and tissue repair suggests a role in endo- 
thelial differentiation and blood vessel growth. Proc. Natl. Acad Sci USA 90' 
8915-8919, 1993. 

45. Fava, R., Olsen, N., Spencer-Green, G., Yeo, K-T., Yeo, T-K., Berse, B., Jackman, 
R., Senger, D., Dvorak, H., and Brown, L. Vascular permeability factor/endothelial 
growth factor (VPFA/EGF): accumulation and expression in human synovial fluids 
and rheumatoid synovial tissue. J. Exp. Med., 180: 341-346, 1994. 

46. Koch, A., Harlow, L., Haines, G., Amento, E., Unemori, E., Wong, W., Pope, R M and 
Ferrara, N. Vascular endothelial growth factor: a cytokine modulating endothelial 
function in rheumatoid arthritis. J. Immunol., 152: 4149-4156, 1994. 

47. Phillips, H. S., Hains, J., Leung, D. W., and Ferrara, N. Vascular endothelial growth 
factor is expressed in rat corpus luteum. Endocrinology, 127: 965-967, 1990. 

48. Kamat, B. R., Brown, L. F., Manseau, E. J., Senger, D. R., and Dvorak, H. F. 
Expression of vascular permeability factor/vascular endothelial growth factor by 
human granulosa and theca lutein cells: role in corpus luteum development. Am J 
Pathol., 146: 157-165, 1995. 

49. Charnock-Jones, D., Sharkey, A., Rajput- Williams, J., Burch, D., Schofield, J., 
Fountain, S., Boocock, C, and Smith, S. Identification and localization of 
alternately spliced mRNAs for vascular endothelial growth factor in human uterus 
and estrogen regulation in endometrial carcinoma cell lines. Biol. Reprod 48- 
1120-1128, 1993. 

50. Breier, G., Albrecht, U., Sterrer, S., and Risau, W. Expression of vascular endothelial 
growth factor during embryonic angiogenesis and endothelial cell differentiation. 
Development (Camb.), 114: 521-532, 1992. 

51. Jakeman, L. B., Armanini, M., Phillips, H. S., and Ferrara, N. Developmental 
expression of binding sites and messenger ribonucleic acid for vascular endothelial 
growth factor suggests a role for this protein in vasculogenesis and angiogenesis 
Endocrinology, 133: 848-859, 1993. 

52. Kim, K. J., Li, B., Winer, J., Aimanini, M., Gillett, N., Phillips, H. S., and Ferrara, N. 
Inhibition of vascular endothelial growth factor-induced angiogenesis suppresses 
tumour growth in vivo. Nature (Lond.), 362: 841-844, 1993. 

53. Millauer, B., Shawver, L., Plate, K., Risau, W M and Ullrich, A. Glioblastoma growth 
inhibited in vivo by a dominant-negative FIk-1 mutant. Nature (Lond.), 367: 576- 
579, 1994. 

54. Ferrara, N., Winer, J., Burton, T., Rowland, A., Siegel, M., Phillips, H. S., Terrell, T., 
Keller, G. A., and Levinson, A. D. Expression of vascular endothelial growth factor 
does not promote transformation but confers a growth advantage in vivo to Chinese 
hamster ovary cells. J. Clin. Invest., 91: 160-170, 1993. 



VPF/VEGF ENHANCES MELANOMA GROWTH AND VASCULARIZATION 



55. Kourembanas, S., Hannan, R. L„ and Faller, D. V. Oxygen tension regulates the 
expression of the platelet-derived growth factor-B chain gene in human endothelial 
cells. J. Clin. Invest., 86: 670-674, 1990. 

56. AusubeU F. M. Current Protocols in Molecular Biology, Vols. 1 and 2. New York: 
Wiley, 1989. 

57. Claffey, K. P., Senger, D. R., and Spiegelman, B. M. Structural requirements for 
dimerization, glycosylation, secretion, and biological function of VPF/VEGF. Bio- 
chim. Biophys. Acta, 1246: 1-9, 1995. 

58. Masiakowsfci, P., Breathnach, R., Bloch, J., Gannon, F., Krust, A., and Chambon, P. 
Cloning of a ribosome-associated protein cDNA, 36B4. Nucleic Acids Res,, 10: 
7895-7903, 1982. 

59. Yeo, K-T., Sioussat, T., Faix, J. D., Senger, D. R., and Yeo, T-K. Development of a 
time-resolved immunofluorometric assay of vascular permeability factor. Clin. 
Chem., 38: 71-75, 1992. 

60. Nagy, i. A., Masse, E. M., Harvey-Bliss, V. S., Meyers, M. S., Sioussat, T. M., 
Senger, D. R., and Dvorak, H. F. Immunohistochemical localization of vascular 
permeability factor (vascular endothelial growth factor) in ascites tumors: distri- 
bution in peritoneal wall microvasculature (abstract). J. Cell Biol., 775: 264a, 
1991. 

61. Nagy, J. A., Masse, E. M., Herzberg, K. T., Meyers, M. S., Yeo, K-T., Yeo, T-K., 
Sioussat, T. M., and Dvorak, H. F. Pathogenesis of ascites tumor growth. Vascular 
permeability factor, vascular hyperpermeability and ascites fluid accumulation. Can- 
cer Res., 55; 360-368, 1995. 

62. Senger, D. R., Connolly, D. T., Van De Water, L., Feder, J., and Dvorak, H. F. 
Purification and NH 2 -terminal amino acid sequence of guinea pig tumor-secreted 
vascular permeability factor. Cancer Res., 50: 1774-1778, 1990. 



63. SioussaL T. M., Dvorak, H. F., Brock, T. A., and Senger, D. R. Inhibition of vascular 
permeability factor (vascular endothelial growth factor) with anti-peptide antibodies. 
Arch. Biochem. Biophys., 301: 15-20, 1993. 

64. Miles, A. A., and Miles, E. M. Vascular reaction to histamine, histamine-liberator, 
and leukotaxine in the skin of guinea pigs. J. Physiol. (Lond.), 775: 228-257, 
1952. 

65. Taylor, S., and Thorp, J. Properties and biological behaviour of Coomassie blue. Br. 
Heart J., 27; 492-496, 1959. 

66. Nagy, J. A., Herzberg, K. T., Masse, E. M., Zientara, G. P., and Dvorak, H. F, 
Exchange of macromolecules between plasma and peritoneal cavity in ascites 
tumor-bearing, normal, and serotonin -injected mice. Cancer Res., 49: 5448-5458, 
1989. 

67. Gitay-Goren, H., Halaban, R., and Neufeld, G. Human melanoma cells but not normal 
melanocytes express vascular endothelial growth factor receptors. Biochem. Biophys. 
Res. Commun., 190: 702-709, 1993. 

68. Shockley, T. R„ Lin, K, Nagy, J. A., Tompkins, R. G., Yarmush, M. L., and Dvorak, 
H. F. Spatial distribution of tumor-specific monoclonal antibodies in human mela- 
noma xenografts. Cancer Research; 52: 367-376, 1992. 

69. Potgens, A. J., Lubsen, N. H., van Altena, M. C, Schoenihakers, J. G. G., Ruiter, 
D. J., and de Waal, R. M. W. Vascular permeability factor expression influences 
tumor angiogenesis in human melanoma lines xenografted to nude mice. Am. J. 
Pathol., 146: 197-209, 1995. 

70. Koop, S., MacDonald, I. C, Luzzi, K., Schmidt, E. E., Morris, V. L., Grattan, M., 
Khokha, R., Chambers, A. F., and Groom, A. C. Fate of melanoma cells entering the 
microcirculation: over 80% survive and extra vasate. Cancer Res,, 55: 2520-2523, 
1995. 



181 



